Background: older subjects may require higher baseline blood pressures to maintain cerebral perfusion. We investigated whether episodic hypotension is associated with tissue infarction in subjects with syncopal symptoms at stroke onset. Methods: over 30 months, all acute strokes/TIAs were prospectively screened for symptoms of syncope or presyncope at stroke onset. Subjects with severe large vessel stenosis were excluded, while cases were referred for syncope unit investigation. All underwent 1.5 T MRI acutely, and suspected borderzone infarctions (BZI) were confirmed through Matlab-derived perfusion software. Case-control comparison was derived from stroke controls with no prior syncope history. Results: thirty-eight of 772 stroke patients described presyncope or syncope at stroke onset and had patent large vessels (4.9% of all strokes). Median age was 72 years (IQR 21.4). Twenty-two patients (58%) were prescribed antihypertensive agents at symptom onset. Twenty-six (68.4%) reported focal neurology <24 h in duration. 63.2% (n = 24) of cases reported prior syncope history, compared with 33% (N = 103) of controls, P < 0.001. Cases exhibited greater orthostatic BP drop than controls, P < 0.05 Twenty-four patients were diagnosed with vasovagal syncope through head-up tilt symptom reproduction, 9 with orthostatic hypotension, 4 with cardiac syncope and 1 with carotid sinus syndrome. Nineteen (50%) patients had an acute infarct on MRI, 14 of these were in the arterial borderzone (73.6%). The BZI group were significantly older than the non-BZI group, 79.2yrs versus 63.3 yrs, P = 0.002. Conclusion: subjects reporting hypotensive symptoms at stroke onset have a higher prevalence of borderzone infarction, despite being normotensive or hypertensive at baseline.
Introduction
Whilst most published guidelines make a clear distinction between stroke [1] , TIA and syncope, clinicians occasionally encounter patients who have suffered syncopal symptoms at stroke onset. Syncope is caused by drops in blood pressure and loss of consciousness due to transient global cerebral hypoperfusion. Up to 45% of people will experience a syncope event in their lifetime and the cumulative incidence of syncope rises with age, from 6.2/1,000 person-years in the general population, to 19.5/1,000 person-years in those over 80 years of age [2, 3] . It is recognised that syncope or presyncope may rarely potentiate stroke as global hypoperfusion can induce tissue infarction but such events are generally reported to occur in the presence of severe large artery stenosis or during cardiac arrest [4, 5] . Thus, hypotensive stroke is relatively rare as only 0.2-4.1% of the population exhibit severe carotid stenosis and <1% (Caucasian) exhibit severe middle cerebral artery stenosis [6, 7] . Moreover, incidence of stroke in those with severe large artery disease is only 2-3% per year [8] .
Hypotension-induced infarction preferentially occurs in flow-vulnerable, borderzone regions of the brain. Laminar flow through a vessel is proportional to the fourth power of the radius and is inversely proportional to eight times its length, so hypotension preferentially affects longer, distant, narrow vessels that supply the borderzone region. The reported prevalence of borderzone infarction is 9.6-12.5%, which is significantly higher than its attributed causes [4, 9, 10] . This may be due to misclassification of infarcts [11] , but may be due to a heretofore unidentified cause. The most likely at-risk population are older, frail patients.
Evidence suggests older patients possibly exhibit rightward shift in their cerebral autoregulatory curve and consequently need higher baseline blood pressures, and in this population the J-shaped correlation between BP and cardiovascular outcomes is well recognised [12] [13] [14] . Excluding those with severe large artery disease, we performed this study to determine the prevalence, characteristics and associations of borderzone infarction occurring in subjects with presyncopal or syncopal symptoms at onset.
Methods Screening
Ethical approval was obtained in advance from the local Research Ethics Committee. All patients that presented with an acute stroke to St James's Hospital between 1 July 2010 and 10 January 2013 were screened by the stroke team for the reported presence of presyncopal or syncopal symptoms at the onset of their stroke (Figure 1 ). Suspected cases were referred to a syncope-trained stroke fellow and, if confirmed after comprehensive evaluation, were referred to an on-site syncope unit. Patients were excluded from the study if they exhibited severe carotid stenosis (>70%), severe middle cerebral artery stenosis (>50%) or significant cognitive impairment (a mini-mental state exam score <23/30). All subjects participating in the study gave informed consent prior to inclusion.
Syncope evaluation
Syncope evaluation took place at least 6 weeks after the stroke event to minimise bias from impaired post-stroke autoregulation [15, 16] . Antihypertensive medications were not altered in the intervening time. All patients underwent a detailed history, examination and electrocardiogram and were consequently divided into suspected cardiac syncope or reflex syncope and investigated in accordance with the European Syncope Guidelines [1, 17] .
All subjects underwent an active stand assessment using phasic blood pressure assessment equipment recording beat-to-beat blood pressure values. Symptom reproduction from the stroke event was deemed to have occurred if the patient experienced similar presyncope/syncope sensations while simultaneous systolic BP of <90 mmHg was recorded.
Patients suspected as having reflex syncope underwent head-up tilt assessment using a front loaded head-up tilt protocol, using standard protocols and beat-to-beat BP was recorded during the procedure [18] . A tilt-positive response was defined as symptom reproduction with a systolic BP <90 mmHg [19] . If carotid sinus syndrome was suspected, patients underwent carotid sinus massage.
Of note, head-up tilt is a provocation test and as such may induce a haemodynamic response in normal controls ( 6-27%) [18, 20] . However, this study utilized head-up tilt to elicit symptom reproduction (syncope/presyncope similar to the stroke event) rather than just a haemodynamic response. If induced presyncope/syncope sensation differed from that of the stroke event, the patient was excluded.
Data were collected regarding the patients' prior hypotensive symptoms. Syncope prevalence and frequency were determined using validated syncope questions [21] . Presyncope severity was determined using the Sheldon Presyncope scale, which grades symptom severity from 0 (no symptoms) to 10 (complete loss of consciousness) [22] .
Stroke diagnosis
A clear report of focal neurology, defined as unilateral weakness or numbness, aphasia or monocular visual loss, and consensus agreement between stroke physicians, was required to establish a diagnosis of stroke or TIA. Subjects with non-focal symptoms such as dysarthria or vertigo, in isolation, were excluded.
Imaging
All subjects underwent a CT and 1.5 T MRI, where possible, of the brain during the acute period (<2 weeks after focal neurology). The MRI sequence consisted of an axial T 2 -weighted Turbo spin-echo, an axial FLAIR sequence and an axial DWI sequence with ADC maps. All underwent carotid duplex ultrasound imaging categorised according to Strandness criteria [23] . An acute infarct was defined as a lesion that exhibited restricted diffusion (high-signal intensity) on DWI.
All subjects were offered repeat neuroimaging using 3 T MR, which consisted of standard stroke sequences and included intracranial MR angiography (MRA). A very high spatial resolution (0.25 × 0.49 × 0.5 mm 3 ) time-of-flight angiography was performed to detect intracranial large artery stenosis of the posterior or anterior circulation. In addition to standard sequences, subjects exhibiting acute infarcts on 1.5 T MR were offered 3 T MR perfusion to characterise their infarct.
MR perfusion sequence consisted of a high-resolution gradient echo-echo planar imaging sequence, achieving voxel sizes of 2.5 × 2.5 × 5 mm 3 and field of view 85 mm. Because of the known variability in location of cortical borderzone regions, MRI processing methods were employed [11, 24] . A Matlab-derived iteration process was used, which utilised first-moment properties of perfusion bolus arrival to identify the main vascular perfusion territories for each patient (MCA, ACA and PCA) and consequently locate the borderzone regions ( Figure 2 , Supplementary data Appendix 1 available in Age and Ageing online). Post-processing analysis was carried out on MRA images using ITK-Snap software. Seeds were placed at proximal arteries and an iteration process generated images of arterial distributions ( Figure 2 ) [25] . Where internal borderzone infarction (BZI) was suspected, classification was conducted using vascular supply maps by Damasio and Van der Zwan as the aforementioned processing methods cannot separate the deep and superficial perfusion territories for the MCA [24, 26] . Where patients declined repeat MR perfusion, imaging textbook maps were applied instead [27, 28] .
Infarcts were reviewed by two independent assessors, a senior radiologist and a senior stroke physician, both blind to each other and to the patient's hypotensive disorder but informed of the nature of the stroke presentation.
Case-control comparison
Cases were compared with controls from The Irish LongituDinal study of Ageing (TILDA). In TILDA, a history of prior syncope is elicited. Selected controls described (a) prior stroke or TIA and (b) denied prior syncope. Cases were compared with controls for baseline demographics, co-morbid disease and blood pressure response to active stand.
Cases were also compared with stroke controls from the North Dublin Population Stroke study according to baseline demographics and the prevalence of co-morbid conditions.
Statistical analysis for both comparisons was conducted in Stata 12 using the chi-squared test, Student's t-test and Wilcoxon rank-sum test where non-parametric continuous data were concerned.
Lastly, a case-case comparison was conducted between cases that experienced acute borderzone infarction and cases that did not experience acute borderzone infarction. Here, multivariate regression analysis was conducted, controlling for the effects of age. When age was the dependant variable in the model, then multivariate analysis was carried out controlling for the effects of antihypertensive medication and co-morbid disease. Age was dichotomised as old (>65 years) and young (≤65 years).
Results

Screening
Over 30 months, 772 acute stroke/TIA patients were questioned for the presence of syncopal or presyncopal symptoms at stroke onset. In all, 46 patients without severe large artery disease described probable presyncope/syncope at stroke onset and were referred for syncope unit evaluation. Of these 8 were excluded: 3 because a diagnosis of syncope/ presyncope was felt less likely on closer evaluation and 5 because no symptom reproduction or bradyarrythmia was detected on investigation ( Figure 1 ). Table 1 shows the baseline demographics for the remaining 38 (4.9%) patients. Median age was 72 years (IQR 21.4), 21 were female (55%). Median carotid stenosis on the side ipsilateral to the stroke was 20-50% while the median carotid stenosis on the contralateral side was 0-20%, P = 0.36. Twenty-four patients had a history of hypertension (63%), 26 (68%) had a focal neurological deficit of <24 h duration. Median NIHSS score was 2 (IQR 7.6). Twenty-two (57.9%) described presyncopal symptoms at stroke onset and 16 (42.1%) described syncope. At onset, most patients were engaged in activities known to induce hypotension; 12 had just stood up from a supine or seated position, 15 were standing or walking and 2 had passed urine.
Prevalence
Prior hypotensive symptoms and attributed hypotensive disorder (Table 1) Thirty-five (92%) patients described a history of either previous orthostatic intolerance or presyncopal symptoms but not loss of consciousness. Twenty-four patients described a history of syncope (63.2%). Median lifetime frequency of syncope was 2.5 events. On comprehensive evaluation, in 24 cases (Table 2) , symptoms were reproduced on head-up tilt in conjunction with a systolic BP < 90 mmHg, and in a further 5 cases symptoms occurred during active stand, again with a systolic BP < 90 mmHg. Four patients were too frail to undergo head-up tilt but on active stand exhibited symptom reproduction and a systolic BP drop of >40 mmHg, sufficient to diagnose OH. Four exhibited a cardiac conduction deficit on 7-day ECG recording and 1 exhibited a 5-s pause on carotid sinus massage. Although it was not our intention to induce hypotension to the point of reproducing focal neurology it occurred in 2 of the 38 patients. In all, 24 patients received a diagnosis of vasovagal syncope, 9 of orthostatic hypotension, 4 of arrythmogenic cardiac syncope and 1 of carotid sinus syndrome.
Neuroimaging
All patients underwent 1.5 T neuroimaging in the acute phase (<2 weeks). An acute infarct was detected in 19 of 38 patients (50%), 18 on MRI and 1 on CT scan in whom MRI was contraindicated. Fifteen patients (83%) agreed to repeat neuroimaging in the 3 T scanner and 3 patients declined repeat MR scanning. Using high-resolution MR angiography, none of the 15 patients exhibited any large artery intracranial stenosis of the anterior or the posterior circulation (Figure 2b) . One of the three had a cerebellar infarct, one had a centrum semiovale infarct and one had a cortical infarct. Of the 19 acute infarcts detected, 14 (73.6%) were identified as borderzone infarcts (Table 3) .
A univariate analysis was carried out to determine the baseline demographic characteristics that predicted which patients experienced a borderzone region infarct. Patients with BZI were older 79.2 years (SD 9.3) versus 63.3 years (SD 15.8), P = 0.002 and were also more likely to have hypertension (P = 0.03), atrial fibrillation (P = 0.01) and a higher 24-h mean systolic blood pressure (147.8 mmHg (SD 20.5) compared with 131.8 mmHg (SD 16.6), P = 0.02).
Using multivariate logistic regression, controlling for the effects of age, the between-group difference in the prevalence of hypertension and atrial fibrillation became non-significant, as did the difference in mean systolic blood pressure.
Using multivariate logistic regression with age as the dependent variable, controlling for the effects of mean systolic BP, atrial fibrillation, category of ipsilateral carotid stenosis and the use of antihypertensive medication, age (over 65 years) remained a consistent predictor of borderzone infarction, P = 0.04, R 2 model 0.31, f-ratio 13.35. The odds ratio for those with a BZI being over 65 years was 17.15 (95% CI 1.1, 273), P = 0.04.
Case-control comparison
Cases were compared with population-derived controls from The Irish LongituDinal Study of Ageing. The prevalence of syncope was 33% (n = 103) among stroke controls (n = 312), which was significantly lower than the prevalence of syncope among cases (66%, n = 24), P = 0.0003. Controls for comparison were then selected based on the presence of prior stroke or TIA and the absence of prior syncope (Supplementary data Appendix 3 available in Age and Ageing online). Age and gender were similar for both groups; however, cases exhibited significantly greater drop in BP (P = 0.01) on standing and a greater rate of drop in BP as they achieved a nadir BP more quickly (P < 0.005).
Cases were also compared with the North Dublin Population Stroke Study, a cross-sectional study, and the findings are outlined in Supplementary data Appendix 3 available in Age and Ageing online.
Discussion
Apart from in the presence of severe large artery stenosis, it is a widely held that syncope and stroke do not overlap [5, 27] . Our findings confirm the clinical impression that syncopal symptoms occur at the onset of stroke or TIA in a small proportion of patients with no significant stenosis.
There were some limitations to our methodology. The head-up tilt assessment may induce hypotension in normal controls, which may confound our diagnosis. However, symptom reproduction was sought, not just a haemodynamic response [18] . A time-delay existed between stroke onset and dynamic blood pressure investigation to allow recovery of post-stroke autoregulation [16] . This delay may have introduced a recall bias regarding symptoms. Symptom reproduction on head-up tilt is somewhat flawed as it is based on subjective reporting; however, all subjects previously experienced hypotensive symptoms and thus were very familiar with them.
Borderzone regions vary in their location so BZI classification is challenging [24] . Previous studies have relied on standardised vascular perfusion maps [9, 26] . Because of the variability of borderzones between subjects we primarily used MR perfusion and MR angiography images to accurately identify cortical BZI. We feel our methods are reliable, individualised MR-perfusion-derived vascular territory maps were used to classify all but one of the cortical borderzone infarcts and accepted reference material was used to classify internal borderzone infarcts, we must concede that it is currently impossible to define borderzones with absolute certainty in living subjects.
To date established causes for BZI are cardiac asystole and severe carotid or MCA stenosis [28, 29] . However, pathological and radiological case series suggest that BZI accounts for 9.6-12.5% of all cerebral infarction [4, 9, 10] . Prevalence estimates of this magnitude suggest that an undetected cause may exist for BZI as the prevalence of severe carotid stenosis (>80%) is 0.2-4.1%, and that of severe MCA stenosis approximates to 1% (in Caucasians) [4] . In subjects with severe large artery disease, the yearly incidence of infarction is only 2-3% [8] thus another cause, such as hypotension, is likely to exist.
When cases were compared with controls, they exhibited a greater tendency for prior syncope (P < 0.0003) and greater magnitude of orthostatic hypotension (P = 0.01). Both suggest greater hypotensive tendencies and indeed acute borderzone infarction occurred in cases was 74% (N = 14 or 19) . Unfortunately, infarct topography was unavailable in controls; however, several studies to date have estimated borderzone infarction at 9.6-12.5% in the general stroke population [4, 9, 10] ).
When cases that exhibited borderzone infarction were compared with cases that did not, the former were significantly older. This finding persisted after controlling for potential confounders. The latter group in this comparison consisted of cases that exhibited either non-borderzone infarction or exhibited no acute infarction. Collapsing data in this way may be considered inappropriate; however, our aim was to define those with acute, hypotension-induced, borderzone infarction and distinguish them from those that did not experience such an infarction.
Evidence to date suggests that older patients exhibit a J-shaped relationship between their blood pressure and their risk of stroke [29] . Ovbiagele observed that hypotensive (<120 mmHg) post-stroke patients over 75 years have a relative risk for recurrent stroke of 1.29 (1.07-1.56) when compared with normotensive (130-140 mmHg) post-stroke patients over 75 years; a trend that was not observed in patients under 65 years [14] . Odden et al. studied a population of 2,300 older people (>65 years) and demonstrated that frail older hypertensive patients had lower mortality than frail older hypotensive patients, P = 0.01 [30] . These findings may be explained by hypotension induced-cardiovascular/stroke disease or may be merely associations, as hypotension may associate with frailty, which in turn leads to increased cardiovascular/stroke disease. This is the first study that demonstrates a link between older people, episodic hypotension and low-flow-vulnerable infarction in the absence of severe large artery disease. Possibly, individualised anti-hypertensive management may be appropriate in this group; however, future work is required to validate such a statement.
Key points
• 4.9% of patients suffered syncopal symptoms at onset of stroke or TIA.
• All had histories of orthostatic symptoms.
• 74% of those with MR confirmed stroke had infarcts in their borderzone.
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